The voltage-current characteristics of ZnO elements has been improved over the last 30 years, through the approach mainly to reducing the resistance at high currents of 10 kA or more and decreasing the leakage current under a continuous system voltage by optimizing the amount and kind of additives, such as Al 2 O 3 and Bi 2 O 3 . Energy absorption capability of ZnO elements has been also improved by optimizing the process of grinding, granulating, pressing and sintering in order to improve their homogeneity.
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The performance of ZnO elements is strongly dependent on the performance of boundaries between ZnO grains formed during the sintering process. The performance of these boundaries is greatly influenced by spinel particles (Zn 7 Sb 2 O 12 ) that are produced between ZnO grains and hence have the relation to the formation of boundaries. Therefore, it is assumed that reducing spinel particles gives a better influence on the performance of ZnO elements, but there have been few reports of this.
Moreover, as ZnO grains become easy to grow during the sintering process owing to the decrease of spinel particles, the sintering temperature of 1100 to 1300
• C in normal elements (the elements which the authors are currently manufacuturing) can be lowered. This temperature lowering has the effect on not only lowering energy consumption but also inhibiting the evaporation of ZnO and additives.
The authors studied the reducing effect of spinel particles on the performance of ZnO elements by experimentally manufacturing and evaluating the ZnO elements with various amounts of Sb 2 O 3 . The following points were clarified in this study.
( 1 ) The element with a lower ratio of Sb 2 O 3 (A) to Bi 2 O 3 (B) [A/B] shrinks at a lower sintering temperature due to the decrease of spinel particles that inhibit the ZnO grains growth (Fig. 1 ). This means that sintering temperature can be reduced by more than 100
• C by optimizing the A/B ratio. ( 2 ) The protective characteristics of the spinel-reduced elements are superior: the residual voltage of the element with the ratio of A/B = 0.6 in the current region of several tens of A/cm 2 is approximately 5% lower than that of normal elements (Fig. 2) . It is thought that the wide conducting paths through boundaries (Fig. 3 ) contribute to this improvement.
( 3 ) The micro-pores in the spinel-reduced elements are much reduced compared with normal elements. The reason for this improvement is assumed that the chemical reaction of Sb 2 O 3 to produce spinel particles is decreased and the evaporation of Bi 2 O 3 is reduced due to a low sintering temperature.
( 4 ) The spinel-reduced element has a larger capacitance, which is due to the wider conducting paths through the boundaries. The performance of ZnO elements such as voltage-current characteristic, life performance under a continuous system voltage, energy absorption capability is strongly dependent on the performance of boundaries between ZnO grains formed during the sintering process. The performance of these boundaries is greatly influenced by spinel particles (Zn 7 Sb 2 O 12 ) that are produced between ZnO grains and hence have a relation to the formation of boundaries.
The authors studied the influence of reducing spinel particles on the performance of ZnO elements by experimentally manufacturing and evaluating the elements with various amounts of Sb 2 O 3 . As the result, some characteristics of the spinel-reduced elements were improved compared with that of normal ZnO elements: e.g. superior voltagecurrent characteristic, smaller micro-pores and larger capacitance. It was also found that the sintering temperature of the spinel-reduced elements could be decreased by more than 100
• C than that of normal elements which the authors are currently manufacturing. 19 10 24
